Obesity is associated with an increased risk of mortality from certain types of cancer, including cancer of the breast. Because obesity is associated with multiple risk factors, however, the exact reasons remain unclear. The objective of this study was to determine which of the risk factors associated with obesity are related to enhanced tumor development. The MMTV-PyMT mouse model develops mammary tumors which share numerous characteristics with those of humans. We challenged these mice with a high fat/high carbohydrate, high caloric (HC) diet, and looked for relationships between enhanced primary tumor development and adiposity, various aspects of glucose homeostasis, and metabolic factors. The HC diet enhanced tumor progression in PyMT mice. While mice on the HC diet also developed increased adiposity, hyperglycemia and hyperinsulinemia, none of these risk factors was found to be associated with the observed increases in tumor growth. Rather, we found that while overall, tumor growth was enhanced in HC diet-fed mice compared to those maintained on a regular diet, it was attenuated in individuals by an HC diet-induced increase in metabolic rate and decrease in respiratory exchange ratio. Tumor size in HC diet-fed mice was directly related to p38 phosphorylation and Bcl-2 inhibition, and the degree of vascularization of these tumors was closely and indirectly related to the rate of mouse oxygen consumption. The data suggest that an increase in metabolic rate and oxygen consumption, induced by the introduction of a high caloric diet, has a protective effect against tumor growth by increasing the activity levels of the tumor suppressor p38 and decreasing the activity of the antiapoptotic protein Bcl-2, as well as by reducing hypoxia-induced tumor vascularization.
Introduction
With numerous studies documenting an increase in obesity worldwide [1] , obesity and its associated diseases are rapidly becoming a central health problem of this century. Abdominal obesity has been found to be associated with an enhanced risk of cancer mortality in humans [2, 3] ; in fact, a 2007 report by the World Cancer Research Fund and the American Institute of Cancer Research has suggested that the maintenance of a healthy body weight throughout life is one of the most important ways to protect against cancer [4] . In addition to being at increased risk of developing certain cancers compared to people who are lean, obese individuals have a higher likelihood of dying from those cancers once they occur [5] . One cancer in particular that shows a high correlation between obesity and mortality is cancer of the breast, with an estimated 30% to 50% of deaths caused by breast cancer thought to be associated with obesity [6] .
While the epidemiology supporting the link between obesity and cancer-caused mortality is compelling, the mechanisms behind this association are not clear, in part because obesity is associated with multiple physiological risk factors. This study was designed to determine which of these different risk factors could be associated with tumor growth in a high fat/high carbohydrate, high caloric (HC) diet-challenged mammary cancer mouse model, in an effort to assess the importance of these individual factors in their contribution to enhanced cancer progression. Transgenic mice that carry the middle T oncogene under the transcriptional control of the mouse mammary tumor virus promoter/ enhancer (MMTV-PyMT) develop widespread transformation of the mammary epithelium and the production of multi-focal mammary adenocarcinomas, with secondary metastasis to the lungs [7] . We developed a population of transgenic (MMTV-PyMT) 634Mul mice on a C57BL6/J background, a strain known to be obesity and diabetes sensitive when challenged with a high caloric diet [8] . Because we were interested in the role that obesity plays in tumor progression, rather than its contribution to increased cancer risk, we waited until tumors were palpable before switching mice to an HC diet. In addition to tumor burden, various physiological parameters of these mice were monitored over the course of their tumor progression, including adiposity, blood pressure, blood glucose and serum insulin, metabolic rate (rate of oxygen consumption) and respiratory exchange ratio. While the rate of tumor growth was increased in mice challenged with the HC diet, specific relationships between various physiological risk factors and increased tumor growth were not found; rather, a surprising picture emerged showing some protective effects of the diet, related to a nutrient overload-induced metabolic enhancement.
Methods

Mice
FVB/N-Tg (MMTV-PyMT)
634Mul /J transgenic males on a 100% FVB background [9] were obtained from Jackson Labs and crossed with transgenic females on a congenic C57/BL6(J) background for 9 generations. Experimental cohorts were then generated by crossing male PyMT heterozygotes of these mice with congenic C57/BL6(J) females. Experimental cohorts consisted of female WT and littermates heterozygous for the PyMT transgene. Mice were maintained in a 25˚C-specific pathogen-free barrier facility with 12-hour alternating light and dark cycles and were given free access to food and water. All procedures used in this study were approved by the Animal Care and Use Committee of the University of Washington.
Specialized Diet Cohorts
The two diets used in our studies were standard rodent chow (5053; Picolab, Richmond, IN) containing 20% (wt/wt) protein, 4.5% fat (ether extract), and 55% carbohydrate (primarily starch), and a high-fat, high-sucrose, high caloric (HC) diet (S3282; Bio-Serv, Frenchtown, NJ) containing 20% protein, 36% fat (primarily lard), and 36% carbohydrate (primarily sucrose). Because we wanted to look at the effects of a high calorie diet on tumor growth, as opposed to cancer risk, we chose to eliminate the variable of tumor incidence by waiting until tumors were present before administering the dietary challenge. All mice were maintained on standard rodent chow until palpable tumors were just detectable (61 days of age), at which time they were either switched to the high-caloric diet or continued on the standard chow for either 79 or 109 days (140 and 170 days of age, respectively). Cohorts were designated as either "140 day" or "170 day". At each of these time points, mice were euthanized and tumors were excised, measured and weighed. For each genotype, diet and time point, there were 15 -20 mice per cohort, housed 5 to a cage with genotypes randomized.
Body Composition, Blood Glucose and Serum Insulin, and Blood Pressure
Body composition, blood glucose, serum insulin and blood pressure are all measurable non-invasively and both 140 day and 170 day cohorts of mice were monitored for all of these parameters over the course of the study. Body composition measurements were measured using quantitative magnetic resonance imaging (QMR), with an EchoMRI-100 analyzer (EchoMRI, Houston, TX). Body composition measurements were performed on live, unsedated mice. For blood glucose measurements, food was removed from mice 6 hours before blood was drawn by tail pricking. Analyses were performed using a glucometer and Comfort Curve Test Strips (Advantage; Accu-Chek, Roche, Basel, Switzerland). For serum insulin measurements, blood was collected from the retro-orbital sinus into serum separator tubes (365,956; Becton Dickinson); after separation, plasma was either used immediately or stored at -80˚C until analysis. Plasma insulin was measured using an ELISA kit (EZRMI-13K; LINCO, St Charles, MO) as per the manufacturer's instructions. Systolic and diastolic blood pressures were measured on unsedated, restrained individuals using a volume pressure recording sensor and an occlusion tail-cuff (CODA non-invasive blood pressure system; Kent Scientific, Torrington, CT). Mice were kept warmed to a temperature of 30˚C on a warming platform (Kent Scientific), and 60 blood pressure measurements were performed over 20 minutes to ensure acclimation, as determined by consistency of measurements.
Metastasis/Pathology
At the time of necropsy, lungs were removed from the mice and each lobe was perfused directly with 10% neutral buffered formalin. Pulmonary metastatic foci and tumor burden were quantified from paraffin-embedded, H & E stained lung tissue sections that went through at least 4 of the 5 lobes. Slides were scanned to virtual digital files using Nanozoomer (Hamamatsu, Hamamatsu City, Japan). Images were magnified to 2.5×, captured and used for quantification. The number of metastatic foci was counted in the entire section and standardized to lung surface area. The surface area of all tumors observed in the section was combined and divided by the number of foci for average tumor surface area. Metastatic incidence was defined as the percentage of mice presenting any pulmonary metastatic foci, determined from the histological sections. Histopathologic reviews were conducted of hematoxylin and eosin-(H & E) stained primary tumors for a preliminary examination of qualitative differences between experimental groups [10] . H & E-stained sections of primary tumors were evaluated for mitosis, necrosis, and inflammation at various (20 -400×) magnifications. Normal and aberrant mitotic figures, characterized by triradial or circular metaphase plates, were counted in three random fields at 400× magnification. Necrosis was estimated as a percent of necrotic area within the tumor section, that is, areas that were hypocellular and hypo-or hypereosinophilic with basophilic cellular and nuclear debris. Inflammation was graded as 0 (minimal), 1 (mild), 2 (moderate), or 3 (marked) at a 40× or 100× magnification. Vascularity was scored from 0 -4; 0 = unremarkable; 1 = few small vessels at periphery; 2 = clusters of peripheral vessels; 3 = small vessels within tumor bulk; 4 = prominent (readily identifiable at 4× mag.) clusters within the bulk of the tumor.
Metabolic Measurements
Indirect calorimetry is a non-invasive process and the metabolism of both the 140 and 170 day cohorts of mice was monitored over the course of the study. Metabolic parameters were measured using an open-circuit indirect calorimeter (Oxymax; Columbus Instruments, Columbus, OH). Measurements were taken of the rates of both oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ), and the respiratory exchange ratio (RER), defined as the ratio of the amount of carbon dioxide produced to the amount of oxygen consumed. Mice were measured individually and for a period of 48 hours (2 light and 2 dark cycles). Just prior to taking metabolic measurements, the lean tissue mass of each mouse was assessed using quantitative magnetic resonance imaging. VO 2 for each mouse were standardized to its lean mass.
Immunoblotting
Primary tumors were harvested from mice at 140 days of age. Tissue was ground in liquid nitrogen followed by homogenization in 1 mL of a cocktail of 20 mL ice-cold RIPA, 2 protease inhibitor mini-tabs (11836153001; Roche, Indianapolis, IN) and 400 ul each of the phosphatase inhibitor cocktails P2850 and P5726 (Sigma-Aldrich, St Louis, MO). Twenty micrograms of protein from the cytosolic fraction was loaded to each lane of a NuPAGE Novex 4% -12% Bis-Tris Gel (NP0322BOX; Invitrogen, Grand Island, NY). Blots were probed with primary antibodies to AMPK-P (Abcam; ab72845; diluted 1/1000), GLUT 1 (Santa Cruz Biotechnology;sc-7903; diluted 1/200), HIF1α (Novus Biologicals; NB100-134; diluted 1/1000), VEGF (Abcam; ab46154; 0.5μl/mL), P-Bcl-2 (ser87) (Assay Biotechnology; #A0460;1/500), P-p38 (Thr180/Tyr182) (Cell Signaling; cs#9211; diluted 1/ 500), p38-total (Cell Signaling; cs#9212; 1/500) and β-actin (Abcam; ab8227; 1/1000). A goat anti-rabbit, horseradish peroxidase-conjugated secondary antibody (Abcam; ab6721) was used at a dilution of 1/3000, and detection was accomplished using ECL (95038-560; VWR Scientific, Brisbane, CA).
Statistics
Error bars, where present, indicate ± standard deviation. The probability of differences between means was determined using the Student's t test. Probabilities of individual data points being different are indicated where the P < 0.1. To determine the strength of relationships between different factors, the coefficient of determination (R 2 ) was calculated.
Results
PyMT Mice on a High Caloric Diet Accumulate Body Fat, and Become Hyperglycemic and Hyperinsulinemic
Mice were put on an HC diet at the time when palpable tumors were detected (61 days). At 79 and 109 days after the introduction of the diet (when mice were 140 and 170 days old, respectively), body fat, blood glucose, serum insulin and systolic and diastolic blood pressure were measured. The HC diet caused both PyMT mice and WT controls to accumulate fat over the course of the dietary challenge, although the rate of fat accumulation was lower in the presence of tumors (Figure 1(a) ). Before the introduction of the HC diet, both genotypes had an average body fat weight of between 2 g and 3 g. After 79 and 109 days on the diet, WT mice showed 4 and 6-fold increases in fat mass, respectively. While PyMT mice also accumulated body fat, they lagged behind the WT mice, showing 3 and 4-fold increases in fat mass respectively at the two time points. Both PyMT and WT control mice experienced similar increases of about 50% in blood glucose by 79 days after the introduction of the HC diet (Figure 1(b) ). PyMT mice displayed a steady increase in serum insulin over the course of the dietary challenge (Figure 1(c) ). The HC diet had no effect on blood pressures (data not shown). primary tumor growth compared to those fed regular chow (Figures 2(a) and (b) ). Mice have 10 mammary glands, five on each side, located ventro-laterally. There are four sites that can be distinguished: cervical (1), thoracic (2 and 3), abdominal (4) and inguinal (5) . At 61 days of age, PyMT mice presented palpable tumors mice at many of these sites, so this age was selected for the beginning of the HC dietary challenge. At 140 and 170 days of age, cohorts of mice were euthanized and tumors were excised and weighed. Tumor burden is typically standardized to mouse body weight, but this is not a good indicator of mouse size in obese animals. The tumor burden at each site was therefore calculated by standardizing tumor weight to mouse tibia length. By 140 days of age, there was a difference between mice fed an HC diet and those maintained on a regular diet in tumor burden at the thoracic, abdominal and inguinal sites. Tumor burdens for mice on both diets were still quite small, however, with mice on a regular diet showing burdens of less than 1 g/mm, and those on the HC diet showing burdens between 1 and 3 g/mm. For all mice, the majority of tumor growth happened in the last month, between 140 and 170 days of age. During this time, tumor burdens increased anywhere from 3 to 6-fold, depending on the site. At three of the four sites, 170 day-old mice maintained on the HC diet showed tumor burdens 50 to almost 100% higher than those fed a regular diet; the only exception was the cervical site, where tumor burden was similar for both. At this age, the difference in tumor size at the thoracic, abdominal and inguinal sites was visually striking (Figure 2(b) ). The incidence of metastasis to the lungs in mice maintained on the regular and the HC diet was found to be 71.4 and 60.9%, respectively. No differences in either the number of metastatic foci in the lungs or the average size of metastatic tumors was found between mice on an HC and regular diet (Figures 2 (c) and (d)) 
Body Fat, but Not Blood Glucose or Serum Insulin, Is Related to Tumor Weight in PyMT Mice
PyMT mice maintained on an HC diet to 170 days of age showed a large degree of variation in body weight by the end of the challenge. A QMR analysis showed that the lean mass of all of these mice, regardless of their body weight was similar, falling between 20 and 25 g ( Figure  3(a) ). Fat mass, on the other hand, was variable, and was responsible for the majority of the differences in body weight between individuals. When the body fat of these same mice at 140 days of age was compared with their final tumor weights at 170 days an inverse relationship was found, with the least obese mice ultimately developing the largest tumors (Figure 3(b) ). While there was variation between individuals in blood glucose and serum insulin levels at 140 days of age, neither of these factors was found to relate to tumor growth (data not shown). and 79 days following introduction of the HC diet. Both VO 2 and RER of mice of both PyMT and WT mice were very sensitive to a change in diet, showing a 7% increase and an 8% decrease respectively within the first 24 hours of the mice being introduced to the HC diet. When mice were switched back to a regular diet, VO 2 fell back to regular levels within 24 h, although RER did not recover to its original higher levels during this time period. The initial levels to which the VO 2 rose and the RER fell within the first 24 hours of the HC diet switch were indicative of the levels maintained over the course of the HC dietary challenge; at 79 days after the introduction of Short term and long term effects of the HC diet on oxygen consumption (VO 2 ) and respiratory exchange ratios (RER) were measured using indirect calorimetry (Figures 4(a) and (b) ). To measure short term effects, PyMT and WT control mice were assessed while being switched between the regular diet and HC diet at 24 hour intervals. Long term measurements were performed at 35
The the diet (140 days of age), mice showed the same both elevated rates of VO 2 as well as reduced respiratory exchange ratios that were observed within the first 24 hours. The presence of tumors was not found to have any effect on the ability of the HC diet to enhance metabolic rate or reduce RER (Figures 4(c) and (d) ).
High VO 2 and Low RER for Mice on an HC Diet at 140 Days of Age Relates to Low Final Tumor Burdens
A relationship was found between the VO 2 of individual PyMT mice on an HC diet at 140 days of age and their tumor burdens at both 140 and 170 days of age ( Figures  5(a) and (c) ). Mice with the highest rates of oxygen consumption at 140 days of age had the lowest rates of tumor growth. The RER of individuals on an HC diet at 140 days of age did not show a relationship with tumor burden at that age, but was a strong prognosticator of their tumor burden at 170 days of age (Figures 5(b) and (d)). Mice with the lowest respiratory exchange rates at 140 days of age also showed the lowest rates of tumor growth. Neither the VO 2 nor RER of individuals was associated with the amount of body fat (data not shown) and for mice on a regular diet, there was no relationship between either VO 2 or RER and tumor burden (data not shown).
Primary Tumors of PyMT Mice on an HC Diet Show Elevated Glycolysis Markers, and Their Size Is Related to p38 and Bcl-2 Activity
The VO 2 of 140 day-old PyMT mice on an HC diet showed a strong inverse relationship with abdominal tumor size (Figure 6(a) ), which was not found for mice maintained on a regular diet (Figure 6(c) ). 5 abdominal primary tumors each of differing sizes were selected at random from 140 day-old PyMT mice on either an HC or regular diet, and westerns were done for the glycolysis markers GLUT1 and AMPK-P, for the hypoxia and angiogenesis markers HIF1α and VEGF, for total and phosphorylated levels of the tumor suppressor p38, and for phosphorylation levels of the antiapototic protein Bcl-2 ( Figure 6(b) ). No overt differences were found for HIF1α. Overall, primary tumors from mice on an HC diet showed higher levels of AMPK phosphorylation, GLUT1 and VEGF than those on the regular diet, but none of these levels were found to have a relationship with tumor size. While all tumors showed similar levels of total p38, the amount of phosphorylated p38 showed a strong and inverse relationship with abdominal tumor size in PyMT mice on an HC diet, with the largest tumors having the lowest amounts (Figure 6(d)) . No relationship was found between the amount of phosphorylated p38 and tumor size for mice maintained on a regular diet, however (data not shown). For tumors taken from mice on the HC diet, p38 activity was found to correlate inversely with the amount of active antiapoptotic protein Bcl-2 ( Figure  6(e) ). Bcl-2 activity related to tumor size, with the highest levels corresponding with the largest tumors ( Figure  6(f) ). The data suggest that p38 activity is attenuating the enhanced tumor growth of HC diet-challenged mice via inhibition of the antiapoptotic protein Bcl-2.
The VO 2 of Mice on an HC Diet Shows an Inverse Relationship with the Amount of Primary Tumor Vascularization
Abdominal primary tumors were randomly selected from 7 each of 140 day-old PyMT mice maintained on either an HC or a regular diet (Figure 7(a) ). A complete transverse section from the center of each tumor was H & E stained, and assessed for a number of qualitative parameters. No differences were found between experimental cohorts for mitosis, necrosis or inflammation (data not shown). However, when primary tumors were graded 0 -4 for amount of vascularity, with 4 being the most vascularized (Figure 7(c) VO 2 at 140 days of age showed a strong and inverse relationship with the degree of primary tumor vascularization, with the tumors from the mice with the highest rates of oxygen consumption having the least degree of vascularization (Figure 7(b) ). There was no relationship between VO 2 and tumor vascularization for mice main tained on a regular diet (data not shown). The data suggest that the enhanced rate of oxygen consumption by the HC diet is attenuating tumor vascularization.
Discussion
Metabolic syndrome is characterized by abdominal obesity, high blood glucose and insulin resistance, and high blood pressure. It has been associated with increased mortality by a number of different types of cancer, but the relative importance of these different risk factors is unknown, and the mechanisms by which obesity enhances cancer growth are poorly understood. One cancer in particular that has been associated with obesity is cancer of the breast. To study the effects of obesity on mammary cancer in mice, we used the MMTV-PyMT mouse model. PyMT is a membrane bound polypeptide and active analogue of a receptor that harbors docking sites for a number of effector proteins that stimulate mitogenesis. The MMTV-PyMT mouse model shares numerous characteristics with human breast tumors, in that tumors develop with high penetrance and show gradual loss of estrogen and progesterone receptors, the full multistage progression from hyperplasia to full-blown malignancy and metastasis is represented, and metastatic potential appears to be independent of hormonal fluctuations with a reproducible and measurable progression rate [11] . We developed a MMTV-PyMT transgenic line on a C57BL6/J background, known to be obesity sensitive to a high fat/high carbohydrate, high caloric (HC) diet. As expected, mice on this diet developed significant increases in a number of factors associated with metabolic syndrome, including hyperglycemia, elevated serum insulin, and increased adiposity (although not hypertension). It is already known that a high fat diet increases primary tumor both incidence and burden in the PyMT breast cancer mouse model [12] . We also found the rate of primary tumor growth in these mice to be enhanced, although the variable of tumor incidence was eliminated by introducing our dietary challenge at the time where palpable tumors were already detected. There was a large degree of variability in the effects of the HC diet on both different physiological parameters as well as primary tumor growth. This allowed us to compare the relationship between various metabolic responses of the dietchallenged mice with their tumor growth, in an effort to determine the most important contributing factors. Here, we report those relationships, the most surprising of which points to a protective effect of the HC diet against tumor progression. Over the course of the challenge, mice developed elevated blood glucose and serum insulin levels. Hyperglycemia has been known to be associated with cancer for over a century [13] , and the correlation between diabetes and breast cancer is also an old observation, dating back to the 1950's [14] . Neoplastic cells use glucose for proliferation [15] and increases in blood glucose may thus in part promote cancer growth by directly feeding tumors. It is also thought that hyperglycemia may accelerate cancer growth through altering growth hormones, such as IGF-I and insulin [13] . A direct correlation between serum insulin and both recurrence and death in breast cancer cases has been reported [16] . We found that HC dietchallenged mice experienced variable increases in serum blood glucose and insulin; however, neither was found to correlate with tumor burden amongst diet-challenged individuals. In contrast to normal cells, which use oxidative phosphorylation to generate ATP, cancer cells show an altered metabolism that favors increased glycolysis [17, 18] . This metabolic switch can be observed at the molecular level by changes in tumor cells of the expression and activity of a number of different proteins. AMPK is a major cellular energy sensor [19] and its phosphorylation reflects the activation of catabolic pathways in times of increased energy need [20] . GLUT1, a glucose transporter, is necessary for uptake of glucose and its expression is known to be upregulated in breast tumors [21] . We found significantly enhanced AMPK phosphorylation and upregulation of GLUT1 in the primary tumors of HC diet-challenged mice, but there was little variability in the changes of the levels of activity or expression of either of these proteins, and neither was found to correlate with enhanced tumor growth in HC diet-fed individuals.
Another way in which high calorie diets have been proposed to enhance tumor development is by the accumulation of adipose tissue, which is known to increase circulating levels of insulin, IGF-1 and adipokines, as well as to increase inflammatory conditions by attracting immune cells [22] . Surprisingly, we found that in our PyMT transgenic mouse model of breast cancer, while a high calorie diet leads to increases in both adiposity and tumor growth, it is the leanest of the HC diet-challenged mice that develop the highest tumor loads. There is the possibility that in addition to the anti-tumor effect provided by the enhanced metabolism of nutrient-overloaded mice, there is protection by the adipose tissue itself. An inverse association between body mass index (BMI) and the risk of breast cancer among premenopausal women has been observed in numerous studies, although the mechanisms behind this are not understood [23] . It is also possible that the reduced adiposity in mice with higher rates of tumor growth simply reflects an energy balance that favors tumor development over fat accumulation. This idea is supported by our observations that mice with PyMT-generated tumors accumulate fat slower than wild-type mice. The observation that increased metabolic rate in response to nutrient overload correlates with a reduced cancer load is novel. In fact, it has been hypothesized that metabolic stress is one way by which a high calorie diet might promote tumor growth, by increasing the generation of reactive oxygen species (ROS) [22] . While this is possible, it is also known that the tumor suppressor p38 is activated in response to increases in ROS [24] , and this ROS-induced p38 phosphorylation has been linked to the down-regulation of several anti-apoptotic proteins including members of the Bcl-2 family [25-29]. Our findings that the level of p38 activity and Bcl-2 inhibition are highly correlative both with each other as well as with tumor size in HC diet-fed, but not regular diet-fed mice, indicates that the metabolic boost experienced by mice on the HC diet may be causing an anti-tumor effect by decreasing the inhibition of apoptosis through downregulation of antiapototic proteins such as Bcl-2, via increased activity of p38.
The presence of increased oxygen (O 2 ) itself may play a role in suppressing tumor growth. In addition to the HC diet-enhanced rate of oxygen consumption, the degree of the drop in respiratory exchange rate of HC diet-fed mice was also found to be an early and excellent prognosticator of tumor growth. The respiratory exchange rate, or RER, is calculated as CO 2 breathed out/O 2 taken in; the lower the RER, the more oxygen being consumed. One potential way whereby enhanced oxygen consumption might attenuate tumor growth is by inhibition of tumor vascularization, or angiogenesis. We found that the rate of oxygen consumption in HC diet-fed mice correlated strongly and inversely with the degree to which tumors were vascularized; mice with higher rates of oxygen consumption bore tumors with less prominent vascularization. When tumors are microscopic, their cells are oxygenated by simple diffusion of oxygen from the tumor microenvironment. As they grow, lack of oxygen, or hypoxia, stimulates the development of vasculature which is in turn necessary for further tumor growth [30] . One way in which hypoxic regions in tumors can be reduced is by increasing blood flow rate and blood oxygen content [31] . Higher oxygen consumption translates directly to more oxygen in the blood and an increase in the oxygen being delivered to tumors. By reducing hypoxia, enhanced oxygen consumption may attenuate tumor growth by slowing the development of tumor vasculature. It is thought that one molecular pathway by which hypoxia regulates angiogenesis is through increased expression of the hypoxia-inducible factor HIF1α, and its downstream target vascular endothelial growth factor (VEGF) [32] . We did not find strong differences in HIF1α levels between regular and HC diet-fed mice. VEGF levels were clearly higher in the latter, but we did not find correlations between metabolic rate and either HIF1α or VEGF levels. It is, however, already known that the molecular evidence supporting the relationship between hypoxia and angiogenesis is contentious [33] . It is possible that there is a spatial aspect to the colocalization of hypoxia and angiogenesis; in other words, looking at protein extracts from whole tumors may obscure relationships that could be found in select areas of the tumor.
Overall, our study validates the ability of an HC diet to enhance tumor growth in a mouse cancer model. But our data clearly show HC diet-related beneficial effects that attenuate this effect. The beneficial effects of the high calorie diet, namely the metabolic enhancement that occurs in lean individuals, could be separated out from more harmful effects as a means of improving cancer therapies. Improving blood oxygen supply has long been recognized as having potential for sensitizing tumors to radiotherapy. Strategies that have been proposed include decreasing the oxygen affinity of hemoglobin in the bloodstream using synthetic agents [34] . Using metabolic enhancers such as carnitine [35] may also enhance the effects of different cancer therapies. Intense exercise is also known to increase VO 2 , and has been found to significantly increase phosphorylation of the tumor suppressor p38 [36] . The PyMT mouse model would be an excellent model for studying the effects of physical exercise on attenuating tumor growth. Also of extreme interest is the potential prognosticative application of this study. Within 24 hours of being put on the high calorie diet, the increases in VO 2 and decreases in RER of lean mice with barely detectable tumors were highly prognosticative of cancer aggressiveness and final tumor burden. It has been found that overfeeding also causes the resting metabolic rate of lean humans to increase rapidly [37] , so this finding may be translatable to humans.
Our study isolated the effects of obesity on tumor progression from its effects on cancer risk by introducing the dietary challenge when primary tumors were already palpable. The data show that there are clear anti-tumor effects of an HC diet on tumors already present in mice. These mice, however, were lean at the time of tumor incidence and HC diet administration. It is unknown how the metabolism of a long-term obese mouse or human would respond to an HC diet, and these findings may only be applicable to individuals who are metabolically healthy.
This study shows that an increase in metabolic rate and oxygen consumption, induced by the introduction of a high caloric diet, has a protective effect against tumor growth in the PyMT murine breast cancer model. Elevated oxygen consumption was associated with an increase in the activity levels of the tumor suppressor p38, as well as a reduction in tumor vascularization. Overall, however, the effects of a high fat/high calorie diet still enhanced tumor progression. It is not our intention to recommend the use of an HC diet to treat human individuals newly diagnosed with cancer. Rather, this study implicates metabolic stimulation as a potentially useful method for enhancing cancer therapies, and indicates that for lean individuals, administering a high calorie diet over the short term in combination with metabolic monitoring may provide a highly prognosticative tool.
